Introduction {#s001}
============

Human activities currently release reactive nitrogen (defined as all N species except N~2~) to the environment at rates that may be fourfold greater than the amount from natural terrestrial sources on Earth.^[@B1]^ This release comes from the loss of nitrogen to the environment beyond the intended use of producing food, fiber, energy, transportation, and materials. People and institutions may have a general idea of the benefits of using nitrogen to produce food and fiber, but there may be less general recognition of the impacts of reactive nitrogen.^[@B2]^ Release of nitrogen to air, land, and water has a host of effects on human health, ecosystems, and the economy, many of which scientists and economists are just beginning to develop methods to quantify.^[@B3],[@B4]^ Accounting for this range of impacts provides key information for decision making about the different options for meeting society\'s demands for producing energy, food, and transportation.

Background {#s002}
==========

Damage Costs for Nitrogen {#s003}
-------------------------

Nitrogen is often tracked by measuring the amount of nitrogen moving through the nitrogen cascade ([Figure 1](#f1){ref-type="fig"}). However, the effects are not only related to the amount of nitrogen moving; the form, location, and mechanism of impact may be more important. In order to understand the broader connections to sustainability, more effort is needed to connect nitrogen release to the environment to the associated impacts on social and economic systems. Recent efforts have improved our ability to quantify the costs of nitrogen release to human health and ecosystems, but questions remain about how to use this information to inform decisions at the right scale. This could be seen as a multitiered issue: Some of this information can be used for national policy, state/city policies, and institutional policies.

![The nitrogen cascade for institutions: release of nitrogen from institutional N footprints and pathways through the environment.^[@B5],[@B6]^ Yellow arrows indicate inputs to the environment, white arrows are internal cycles, red arrows indicate N~2~O fluxes, grey arrows indicate particulate inputs, and blue arrows show transfers within the institution.](fig-1){#f1}

Large-scale estimates of reactive nitrogen damage costs to human health, ecosystems, and the economy are in the hundreds of billions of dollars per year in the United States and E.U.^[@B3],[@B4]^ Several types of costs arise from nitrogen release to the environment, including human mortality and morbidity costs, mitigation costs, and abatement costs.^[@B7]^ The most substantial benefits measured from U.S. Clean Air Act regulations are associated with reductions in mortality and illness associated with emissions of nitrogen oxides (NOx), a precursor to particulate matter and ozone formation.^[@B8]^ Nitrate is a contaminant that is regulated in drinking water because of its role in causing methemoglobinemia (blue baby syndrome in very young children), and also is linked to a number of other health issues such as increased risk of various types of cancer.^[@B9],[@B10]^ Nitrate released to groundwater and surface waters from fertilizers or manure applied to agricultural fields may contaminate waters that are used for private or public drinking water supplies, requiring expensive treatment or replacement.

It is clear that there is great potential for damages when viewed at the national policy scale, but questions remain about how to use this information to inform more local decisions. Some of the research at regional scales has shown that the specific metrics chosen to illustrate these impacts are important.^[@B7],[@B11]^ For example, in the Chesapeake Bay watershed, the largest nitrogen sources did not cause the greatest damages because of the importance placed on the effects of air pollutio on human health.^[@B7]^ These studies point to the benefit of examining the impact of environmental pollution using multiple metrics including flux, damage costs, abatement costs, and mortality.

Connecting Damage Costs to a N Footprint {#s004}
----------------------------------------

A nitrogen footprint is a metric that estimates the total reactive nitrogen released to the environment from a person, organization, or institution\'s resource consumption.^[@B12]^ N footprint tools have been developed for individual consumers^[@B12]^ and for institutions, such as colleges and universities.^[@B13]^ There are several reasons to examine the damage costs associated with the nitrogen footprint of institutions. In particular, knowledge about the social, economic, and environmental impacts of the N footprint of colleges and universities could help communicate to the community the broad consequences of choices at the individual and institutional level. Institutions are well positioned to use the damage cost results in decision making because they can set policies for an entire institution and could take damage costs into account for their nitrogen reduction plans.

This study builds upon the existing network of efforts to measure and manage the nitrogen footprints of institutions.^[@B14]^ The first step in this study was to apply an existing framework for connecting damage costs from nitrogen pollution to the N footprint concept. The current values that were used to estimate national and continental-scale damage assessments from the E.U. and United States were also used for this study.^[@B3],[@B4]^ Next, case studies for the University of Virginia (UVA) and the University of New Hampshire (UNH) were undertaken to demonstrate how damages could be used as an educational tool and as a way to inform campus policies. These institutions were chosen because they were two of the first to estimate their N footprints, and they also use very different energy sources---coal at UVA and landfill cogeneration at UNH. These differences in energy sources are expected to have differential impacts on human respiratory health and possibly other damages. For both institutions, the amount of nitrogen released to the environment by different sectors was connected to the cascade of nitrogen impacts on human health, ecosystems, and the economy. A discussion of how damage costs could be used to communicate and reduce N footprints follows.

Methods {#s005}
=======

N Footprint Estimates for UVA and UNH {#s006}
-------------------------------------

The Nitrogen Footprint Tool for institutions^[@B13]^ was used to calculate the N footprint for UVA and UNH in 2014.^[@B14]^ The University of Virginia is a public university in Charlottesville, Virginia. The full-time equivalent (FTE) number of people on the UVA campus is 35,894, which includes a 2014 student population of 22,030 together with faculty and staff. In addition to core campus activities, UVA also has an on-site hospital, which is part of the energy and food needs of the campus. The University of New Hampshire is a public university in Durham, New Hampshire, with a 2014 FTE student population of 14,182 and, together with staff and faculty, a total of 16,548 FTE on campus.

The major areas of an institution\'s resource consumption that contribute to nitrogen pollution, including food purchases, food consumption/sewage, utilities usage, transportation (both campus vehicles and commuting), research animals, and fertilizer application for the year 2014, are accounted for in the calculations. The food N footprint includes both the upstream nitrogen losses that occur during food production (calculated with virtual N factors, which constitute the mass of N released to the environment during food production per mass of N in food) as well as the downstream losses that occur after food is consumed and enters the sewage stream as human waste.^[@B13]^ Appropriate emission factors were used for different types of fuels for utilities and transport.^[@B13]^ Food consumption at both UVA and UNH was corrected for the amount of nitrogen removed or denitrified during sewage treatment. The 2014 N footprint data for each school is shown in the [Supplementary Material](#SD1){ref-type="supplementary-material"}, which may be found online at [www.liebertpub.com/sus](www.liebertpub.com/sus).

Connecting Nitrogen Damage Costs with N Footprint {#s007}
-------------------------------------------------

Damage costs associated with specific nitrogen fluxes were obtained from an existing approach^[@B4]^ that presents the damage cost in dollars per kilogram of nitrogen released to the environment ([Table 1](#T1){ref-type="table"}). Many of the damage cost estimates were obtained from large-scale studies (national or regional in nature) and thus were not derived from specific studies in the school\'s boundaries. Some of the estimates are from a regional study of the Chesapeake Bay watershed,^[@B7]^ in which UVA is located. The cost values represent incremental or marginal increases in costs associated with the impacts of nitrogen use on a per-unit-of-nitrogen basis and assume a linear response function. Incorporation of spatially dependent cost estimates are just beginning to be recognized in the literature,^[@B15]^ and it is challenging to incorporate this cost of the virtual nitrogen release without knowing exactly where food was grown. The dollar per kilogram nitrogen values were adjusted for inflation into 2014 U.S. dollar equivalents using the consumer price index (multiplied by \$1.10).^[@B16]^ All damage costs are in 2014 U.S. dollar equivalents to coincide with the 2014 institution N footprint data.

###### 

Damages and Benefits Associated with Nitrogen Release to the following Environmental Media

  **Media**   **Damage or benefit associated with reactive N form**   **Sector where impact occurs**   **Cost (\$/kg N)**   **References**
  ----------- ------------------------------------------------------- -------------------------------- -------------------- ----------------
              Human respiratory health - NOx                          Health/Social                    \$ 25.41             [@B7]
  **Air**     Human respiratory health - NH~3~                        Health/Social                    \$ 5.42              [@B7]
              Visibility - NOx, NH~3~                                 Ecosystems                       \$ 0.34              [@B7]
              Greenhouse gas damages - N~2~O                          Climate                          \$ 14.87             [@B4]
              Climate regulation benefit - NOx                        Climate                          \$ (4.96)            [@B4]
              Damage to structures -- NOx, NH~3~                      Health/Social                    \$ 0.10              [@B7]
  **Land**    Ozone damage to crops - N~2~O                           Agriculture                      \$ 1.66              [@B7]
              UV damage to crops - N~2~O                              Agriculture                      \$ 1.46              [@B7]
              Ozone damage to forests - NOx                           Ecosystems                       \$ 0.98              [@B5]
              N fertilization of forests -- NOx, NH~3~                Ecosystems                       NE                   \-
              Plant diversity declines -- NOx, NH~3~                  Ecosystems                       \$ 8.50              [@B7]
              Closures by harmful algal blooms                        Health/Social                    NE                    
              Replacement with bottled water                          Health/Social                    \$ 0.15              [@B17]
              Treatment of public drinking water                      Health/Social                    NE                   \-
              Treatment of private well water                         Health/Social                    \$ 0.59              [@B6]
  **Water**   Human health - nitrate                                  Health/Social                    \$ 1.94              [@B4]
              Lake waterfront property values                         Ecosystems                       \$ 0.23              [@B18]
              Recreational Freshwater use                             Ecosystems                       \$ 0.19              [@B18]
              Endangered species protection                           Ecosystems                       \$ 0.01              [@B18]
              Eutrophication                                          Ecosystems                       \$ 17.70             [@B4]

Values in parentheses represent benefits; costs are U.S. dollar equivalents of damage associated with one kilogram of N (\$2014). Values were rounded to the penny. NE, no estimate available.

The per kilogram damage costs associated with nitrogen forms released by UVA and UNH were calculated using the primary form and mode of impact as shown in [Table 1](#T1){ref-type="table"}, combined with the footprint data by form. (For all footprint data, see Appendix 1, which may be found online at [www.liebertpub.com/sur](www.liebertpub.com/sur).) Because the food N footprint is calculated as the total nitrogen loss, the total food N footprint was assigned to different nitrogen species based on national release rates shown in [Figure 2](#f2){ref-type="fig"}. Virtual nitrogen from food production was apportioned^[@B19]^ into hydrologic nitrogen, ammonia, nitrogen oxides, storage, and denitrification, shown in [Figure 2](#f2){ref-type="fig"}. The nitrogen release from all uses to different nitrogen forms was combined with the damage costs associated with those forms. The hydrologic nitrogen release to water was used to estimate the damages associated with release to surface water. Nitrogen was assumed to cascade to surface waters, groundwater, and coastal systems but given the scales of the university, only the surface water impacts were included in this study. The estimated storage and eventual release to atmospheric dinitrogen does not have a cost associated with it since it is not reactive and thus does not have direct effects or economic impacts.

![Assumed fates of N released to the environment from food production.^[@B19]^](fig-2){#f2}

Results {#s008}
=======

The estimates of total release of reactive nitrogen to the environment were 444,000 kg N at UVA, and 186,000 kg N at UNH for the year 2014 ([Figure 3a](#f3){ref-type="fig"}).^[@B14]^ Utilities were the most important sector for UVA, representing 52 percent of the total N footprint; food production represented 34 percent ([Figure 3a](#f3){ref-type="fig"}). At UVA, transportation was 8 percent and research animals were another 5 percent, while both fertilizer and food consumption and waste were each less than 1 percent. In contrast, UNH\'s footprint was dominated by food production (73% of the total N footprint), with transportation at 13 percent and utilities at 8 percent. Food consumption was 4 percent and research animals less than 1 percent of the total N footprint.

Estimated damage costs to human health, agriculture, and ecosystems associated with the N footprint of institutions were (U.S.) \$11.0 million 2014 at UVA and (U.S.) \$3.04 million 2014 at UNH ([Table 2](#T2){ref-type="table"}). Costs associated with the effects of nitrogen oxides on human respiratory health were the largest component of damage at UVA (\$9.83 million; [Figure 3](#f3){ref-type="fig"}). The utilities sector was responsible for the largest component of this damage at \$7.43 million. At UNH the nitrogen impact for utilities is much lower (\$0.44 million) because of the cogeneration energy source releases little N (methane gas from a local landfill), and thus the largest proportion of damages were associated with nitrogen release from food production. These estimates are incomplete because the full range of damage costs are not yet available for some potential impacts due to a lack of information about, for example, drinking water costs and effects of harmful algal blooms (see [Discussion](#s009){ref-type="sec"}).

![Nitrogen release: **A**) by source, and **B**) by N form; from the University of Virginia (UVA) and University of New Hampshire (UNH), 2014.](fig-3){#f3}

###### 

Total Damage Costs in 2014 U.S. Dollar Equivalents Associated with the N footprint at the University of Virginia (UVA) and the University of New Hampshire (UNH)

  **N form released**           **\$ per kg N**   **UVA**         **UNH**
  ----------------------------- ----------------- --------------- --------------
  NOx-N Utilities               \$ 32.00          \$ 7,430,000    \$ 444,000
  NOx-N Transportation          \$ 32.00          \$ 1,030,000    \$ 743,000
  NOx-N Food production         \$ 32.00          \$ 950,000      \$ 848,000
  NOx-N Research animals        \$ 32.00          \$ 457,000      \$ 621
  NH~3~-N Food production       \$ 10.40          \$ 198,000      \$ 178,000
  NH~3~-N Research animals      \$ 10.40          \$ 12,600       \$ 16
  N~2~O-N Food production       \$ 17.80          \$ 72,000       \$ 64,700
  N~2~O-N Research animals      \$ 17.80          \$ 4,600        \$ 6
  N to water Food production    \$ 20.70          \$ 637,000      \$ 571,000
  N to water Research animals   \$ 20.70          \$ 40,481       \$ 52
  N to water Fertilizer         \$ 20.70          \$ 37,900       \$ 123,000
  N to water Food waste         \$ 20.70          \$ 106,000      \$ 67,900
  All NOx-N damages                               \$ 9,860,000    \$ 2,040,000
  All Food production damages                     \$ 1,860,000    \$ 1,660,000
  **Total damages**                               \$ 11,000,000   \$ 3,040,000

Values rounded to 3 significant digits or to the dollar.

Food production is the next largest sector influencing damage costs and had only a slightly higher result at UVA (\$1.86 million) than UNH (\$1.66 million), although the FTE population is much larger at UVA. This difference is in part explained by the greater number of meals served per year at UNH (3.0 million at UNH vs. 1.8 million at UVA). The mass of food served is another good comparison metric: UVA served 135 tons of nitrogen in food and UNH served 148 tons of nitrogen in food,^[@B14]^ similar to the pattern in overall food production damages. The overall annual damages associated with nitrogen-related resource use by each community member is \$304 per capita at UVA and \$184 per capita at UNH.

The damages and benefits associated with each institution\'s footprint were quantified by the sector releasing the reactive nitrogen ([Figure 4a](#f4){ref-type="fig"}) and the sector where the damages occur ([Figure 4b](#f4){ref-type="fig"}). The climate benefits occur from the role that particulates play in cooling the atmosphere, and this benefit increases with emissions of nitrogen oxides and ammonia which can form particulates (shown as a negative damage in [Figure 4b](#f4){ref-type="fig"}). However, in total these forms have a greater negative effect on human respiratory health via hospital visits and mortality, and accordingly, that is where the largest damage costs are observed. Clearly, the utilities footprint causes the largest impacts at UVA, which have important human health and social impacts via the effects on respiratory health. The effects on agriculture are relatively small. The second largest impacts are to ecosystems, primarily through eutrophication, where the main impact is a reduction in biodiversity and changes in the structure and function of terrestrial and freshwater ecosystems, which in turn can hamper recreation and impact drinking water supplies.

![Damage costs (2014) associated with **A**) the sector releasing the N by institution and **B**) the sector where the damages occur based on the categories in [Table 1](#T1){ref-type="table"}. Negative values represent the economic benefits of climate cooling from particulates.](fig-4){#f4}

Discussion {#s009}
==========

Sustainability of human institutions like colleges and universities can be improved by better balancing the demands for food, energy, and materials with the broader social and environmental costs of meeting these demands. The damage costs can provide insights that may not be reflected in the nitrogen fluxes alone. While the UVA N footprint was 2.4 times greater than the UNH N footprint, the damage costs associated with the UVA N footprint were 3.6 times greater than for UNH ([Figure 3](#f3){ref-type="fig"} vs. [Figure 4](#f4){ref-type="fig"}). This greater cost at UVA is seen because the utilities N footprint (and therefore the NOx and N~2~O losses) makes up a much larger percentage of the UVA footprint.

The types of damages are also important. The UVA damages associated with human health are 74 percent of the damage costs but only 64 percent of the nitrogen flux, due to the high value placed on human health impacts associated with nitrogen oxides (NOx) ([Figure 4](#f4){ref-type="fig"}).

As do many institutions and communities in the mid-Appalachian region, UVA derives much of its energy from coal-fired power plants, which results in a substantial release of nitrogen to the environment. There has been a general declining trend in the percentage of energy derived from coal since the late 1980s at UVA.^[@B20]^ For example, the percentage of coal use decreased from 74 percent in 2010 to 42 percent in 2014 in favor of natural gas,^[@B20]^ and this decline may have decreased impacts related to nitrogen oxides on human health over this timeframe. UNH acquires most of the energy to heat and power its campus from its on-campus cogeneration plant, which uses processed methane gas from a landfill in nearby in Rochester, New Hampshire. The landfill gas has a much lower nitrogen release to the environment per unit of energy generated than coal.^[@B21]^

In addition to the intentional benefits to food, fiber, and energy production from nitrogen use, release of nitrogen to the environment may also have some unintentional benefits. For example, cooling can result from particulate formation and reflection of heat away from Earth\'s atmosphere ([Table 1](#T1){ref-type="table"}; [Figure 4](#f4){ref-type="fig"}). However particulate matter also has negative effects on human health. The climate benefits were relatively small in the current study (see [Table 1](#T1){ref-type="table"} for nitrogen-specific values), and some other economic values at present are not sufficiently well documented to include in this analysis, such as possible stimulation of carbon storage by nitrogen deposition in forests.

Some kinds of damages do not have associated per kilogram costs, and thus cannot be connected to the N footprint of these effects at this time ([Table 1](#T1){ref-type="table"}). For example, nitrogen, along with phosphorus, plays a role in the formation of harmful cyano-bacterial algal blooms (HABs) in freshwater and coastal ecosystems, which in turn cause beach closures, health effects on pets and wildlife, and in some cases, closures of drinking water supplies.^[@B22]^ The Center for Disease Control recently established a reporting system for HAB events,^[@B23]^ which represents an important step in improving our tracking for the United States. Both HABs and increased nitrate in drinking water supplies are rising in importance, and may be increasing the treatment and replacement costs associated with nutrient pollution in private and public water supplies. Considering that neither groundwater nor coastal impacts were incorporated into this assessment, and that numerous known impacts are not suitably characterized economically for incorporation, the damage assessment seems likely to be a conservative estimate.

How Can We Use the Information about the Costs of Nitrogen Release to Inform Decisions? {#s010}
---------------------------------------------------------------------------------------

Nitrogen use can be managed at a variety of scales. For example, farmers have a good deal of control over the amount of nitrogen they apply to their fields. Policies can influence emissions standards for automobiles or for the amount of nitrogen released from power or sewage treatment plants. And individuals can have an influence on their nitrogen use through choices about diet or transportation.^[@B12]^ The scales and extent of these impacts can be very different. Some are felt at the source, such as near-roadway emissions of nitrogen oxides from cars; others are felt from afar. For example, to produce a hamburger that is ultimately consumed in Virginia, the nitrogen used in production might leach from corn fields and feedlots in the Midwest and move into soils, groundwater, streams, rivers, and coastal waters of the Midwest and the Gulf of Mexico. Thus it is important to consider not only the food consumption impacts, but also incorporate the much larger, albeit distant, food production impacts because they affect human health, the economy, and ecosystems in those locations.

Damage costs help put the N footprint into perspective and into terms that may be more meaningful than the mass of nitrogen released (e.g., kilograms). This data could be especially useful in communicating damages related to an institution\'s local environment, which may be a higher priority for the institution to minimize. It can either choose to reduce its N footprint currently, or face the possibility of the future need to pay significantly higher damage costs to repair their local environment. An important step will be to ground truth these estimates for particular locations and determine whether these values are appropriate for study at institutions. Another step might be to quantify the cost to implement N footprint management and nitrogen reduction strategies. Assessing reduction scenario damage costs would add value to management plans and N footprint reduction goals.

Combining the carbon and nitrogen footprints could better position individuals and institutions to make choices about food, transportation, and energy use. The nitrogen footprint tool is being integrated into the Campus Carbon Calculator™ so that institutions can track and manage their carbon and nitrogen footprints together.^[@B24]^ The social cost of carbon is somewhat simpler to assess in practice because once released, a molecule of carbon dioxide moves into the atmosphere and all molecules have an equal role in influencing the climate, regardless of where they originate. The social cost of nitrogen is much more complex to assess because of the different forms, flows, fates, and effects of nitrogen.^[@B15]^ In contrast, nitrogen costs could be viewed as more locally tangible and measurable than carbon costs, in particular the human health impacts and some of the drinking water and eutrophication effects, and thus may connect to benefits that directly matter to students and institutions.

The information about damage costs could be used in an educational setting to provide students the opportunity to see the potential benefits of making reductions to their food, transportation, and energy use. In addition, making this information available to institutions or other types of communities can improve their understanding of the damages associated with the different nitrogen forms and sources, and, in turn, inform their decisions about their nitrogen reduction strategies.

Supplementary Material
======================

###### Supplemental data
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